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Outline
• SU(3) flavor                           ΞΞ  bound  1S0  state

• NN, ΞΞ each in {27} dim. rep of SU(3)

• np: 1S0  nearly bound state anp=-24 fm

• Increase nucleon mass 10%, same interaction get bound state

• ΞΞ , np  1S0  states in same irrep of SU(3)

• 1S0  state: NN, ΞΞ similar , increased mass causes bound state

• 3 simplest models predict bound states

• why interaction not depend on quark masses? 6 detailed 
Nijmegan models predict bound states

• lattice calculation Beane et al 1109.2889 gives bound state

• detection at RHIC
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SU(3) flavor symmetry
ddu uud

ssd ssu
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Unitary (flavor)  symmetry for 

baryon-baryon interactions

• EFT calculation of 

Savage, Wise

Gives OBEP for exchange of  

Goldstone bosons +

Lowest order potential

Phys.Rev. D53 (1996) 349
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! N, ! ! interactions
• Evaluate Lagrangian

!! short range potential  same as  NN 

1S0   channel – OPEP is small for NN

NN scattering length a =-17.3 fm

If !! 1S0 POTENTIAL same as for NN:

there will be a BOUND STATE dibaryon S=-4, decays

weakly ! "#

NN,

Same irrep of SU(3)
Nijmegan
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 np 1S0  state 

•
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Zero energy, 0 potential,  wave function:   u(r)= 1-r/a

Unbound a <0 Bound a>0

-13 -14

A little  more  attraction would give 1S0 bound state

−d2u

dr2
+ MV u = k2u Increase  mass M,  increases attraction
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Three simple two-parameter 
potentials

 • Square well, delta shell, separable

• Fit parameters to experimental np 
scattering length a, effective range re 

kcotδ = −1
a

+
1
2
rek

2

• Change nucleon mass (940 MeV) to Cascade 
mass (1315 MeV): 40% increase in attraction

• Each model  ΞΞ  bound  1S0  state B=7.0 ,
0.7,0.6 MeV
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Nijmegan potentials
Stoks, Rijken PRC59,3009

Rijken et al PRC59,21
• Soft core BB potentials via  one meson exchange 

• Form factors give short distance interaction

• quark-pair production (3P0 ) simulates flavor 
symmetry breaking

• Six models constructed to fit all data

• Each model ΞΞ  bound  1S0  state 0.1 <B<15.8 
MeV
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Lattice QCD Beane et al 1109.2889

 

 

within a constituent quark model [68]. A small Ξ−Ξ− interaction was calculated in the
203 × 128 ensemble [8] used in this work but may be subject to significant finite volume
uncertainties. LQCD calculations performed in the flavor SU(3) limit [69], in volumes of
163×32 with a lattice spacing of bs ∼ 0.12 fm and at pion masses of 1014 and 835 MeV found
attractive interactions in the flavor singlet t-channel responsible for Ξ−Ξ− interactions.

Our present LQCD calculations provide clear evidence for a bound Ξ−Ξ− state at a pion
mass of mπ ∼ 390 MeV. The EMPs associated with the Ξ and the Ξ−Ξ− system are shown
in the left panels of fig. 14 and fig. 15.
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FIG. 14: The left panel shows an EMP of the Ξ and of the Ξ−Ξ− system calculated with the
243 × 128 ensemble (in t.l.u.). The right panel shows the |k|2 (in (s.l.u.)2) of the Ξ−Ξ− system
calculated with this ensemble, along with the fits.
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FIG. 15: The left panel shows an EMP of the Ξ and of the Ξ−Ξ− system calculated with the
323 × 256 ensemble (in t.l.u.). The right panel shows the |k|2 (in (s.l.u.)2) of the Ξ−Ξ− system
calculated with this ensemble, along with the fits.

The Ξ−Ξ− binding energies extracted from the LQCD calculations are

B(L=24)
Ξ−Ξ− = 11.0± 1.3± 1.6 MeV , B(L=32)

Ξ−Ξ− = 13.0± 0.5± 3.9 MeV . (22)

s = −4 sector exists.

19

mπ = 390 MeV
243 (128)

The volume extrapolation of the results in eq. (22) is shown in fig. 16, and results in an
extrapolated Ξ−Ξ− binding energy of

B(L=∞)
Ξ−Ξ− = 14.0± 1.4± 6.7 MeV (23)

where the first uncertainty is statistical and the second is systematic. This indicates that, at
the ∼ 2σ level, the Ξ−Ξ− channel supports a bound state. The fact that the binding energy
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FIG. 16: The results of the Lattice QCD calculations of −i cot δ versus |k|2/m2
π in the Ξ−Ξ−

system obtained using eq. (7), along with the infinite-volume extrapolation using eq. (10). The
inner uncertainty of the infinite-volume extrapolation is statistical, while the outer corresponds to
the statistical and systematic uncertainties combined in quadrature.

calculated in the 243×128 ensemble has k cot δ>∼ 0 indicates that this volume is significantly
modifying the Ξ−Ξ− bound state, and that calculations in larger volumes, or with non-zero
total momentum, would refine the volume extrapolation.

This result and the predictions of OBE models and leading order (LO) EFT are shown
in fig. 17. It is important to note that the uncertainty (and significance) of the LQCD
result is comparable to that of the OBE models and EFT results. Further, this result
demonstrates that LQCD is rapidly approaching the situation where it will provide more
precise constraints on exotic systems than can be achieved in the laboratory. It will be
interesting to see whether J-PARC [70] or FAIR [71] can provide constraints on the s = −3
and s = −4 systems, as well as on the possible H-dibaryon [72]. The binding energy in
eq. (23) provides strong motivation to return to OBE models and EFT frameworks and
determine the expected dependence on the light-quark masses.

E. Σ−Σ−

As the Σ−Σ− (1S0) system is in the 27 irreducible representation of flavor SU(3), it
is also expected to be bound, but by somewhat less than the Ξ−Ξ− system. While
the NSC97a-NSC97f models [2] estimate the Σ−Σ− binding, BΣ−Σ− , to lie in the range
1.5 MeV<∼ BΣ−Σ−<∼ 3.2 MeV, large and negative scattering lengths are found in the Σ−Σ−
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within a constituent quark model [68]. A small Ξ−Ξ− interaction was calculated in the
203 × 128 ensemble [8] used in this work but may be subject to significant finite volume
uncertainties. LQCD calculations performed in the flavor SU(3) limit [69], in volumes of
163×32 with a lattice spacing of bs ∼ 0.12 fm and at pion masses of 1014 and 835 MeV found
attractive interactions in the flavor singlet t-channel responsible for Ξ−Ξ− interactions.

Our present LQCD calculations provide clear evidence for a bound Ξ−Ξ− state at a pion
mass of mπ ∼ 390 MeV. The EMPs associated with the Ξ and the Ξ−Ξ− system are shown
in the left panels of fig. 14 and fig. 15.
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FIG. 14: The left panel shows an EMP of the Ξ and of the Ξ−Ξ− system calculated with the
243 × 128 ensemble (in t.l.u.). The right panel shows the |k|2 (in (s.l.u.)2) of the Ξ−Ξ− system
calculated with this ensemble, along with the fits.
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FIG. 15: The left panel shows an EMP of the Ξ and of the Ξ−Ξ− system calculated with the
323 × 256 ensemble (in t.l.u.). The right panel shows the |k|2 (in (s.l.u.)2) of the Ξ−Ξ− system
calculated with this ensemble, along with the fits.

The Ξ−Ξ− binding energies extracted from the LQCD calculations are

B(L=24)
Ξ−Ξ− = 11.0± 1.3± 1.6 MeV , B(L=32)

Ξ−Ξ− = 13.0± 0.5± 3.9 MeV . (22)

s = −4 sector exists.
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9 models plus lattice 
predict ΞΞ 1S0  bound state  

• new state of matter

• SU(3) Flavor works

• strange nuclear matter better understood
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Finding !! bound states

• "-D!( !! ) 4K   threshold 

photon energy 5 GeV (thanks 

to R Jones)

• KD !( !! ) 3K  ?

• RHIC (Huang) can detect decay 

products  !#

Cross sections small
due to high momentum transfer 

at relevant kinematics
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Advantages at RHIC

• Plenty of energy to make state

• Need to detect products of weak decays of 
bound state
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Summary

• 9 models plus lattice predict ΞΞ 1S0  bound state

• RHIC can detect it 
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